Quantitative real-time PCR for the detection of respiratory syncytial virus (RSV) RNA is increasingly used to study the causal role of RSV in lower airway disease. The objective of our study was to evaluate variations in RSV RNA loads at different steps in the RNA quantification process: (i) variation in RSV RNA load within one sample (step 1), (ii) variation in the load in samples from patients who were sampled twice on the same day (step 2), and (iii) variation in the load between simultaneously taken nasopharyngeal aspirate (NPA) samples and tracheal aspirate (TA) samples (step 3). Thirty-two infants with RSV infection at the pediatric intensive care unit (PICU) were included. NPA and TA samples were taken three times a week during ventilation and were not diluted. Intrasample variation (step 1) was shown to be minimal (<0.5 log 10 particles/ml). Intraday variation (step 2) was the lowest for samples with high viral loads (95% limits of agreement, ؊1.3 to ؉0.9 log 10 ), whereas it increased for samples with relatively lower viral loads (viral load, <6.0 log 10 particles/ml; n ‫؍‬ 138 sample pairs from 20 patients). RSV loads in NPA and TA samples (step 3) were found to be the most comparable during the early phase of infection (95% limits of agreement, ؊1.5 to ؉1.4 log 10 ). The variation increased during the late phase of infection (i.e., in follow-up samples), with the loads in NPA samples remaining significantly higher than the loads in TA samples (n ‫؍‬ 138 sample pairs from 31 patients). In conclusion, quantitative detection of RSV RNA in undiluted mucus is a reliable method to quantify viral loads. Nasopharyngeal aspirate samples collected in the initial phase of infection can be used to predict RSV RNA loads in the lower airways.
Respiratory syncytial virus (RSV) lower respiratory tract infections (LRTIs) cause significant hospitalization among young children. It is currently unclear why most children experience relatively mild symptoms, whereas a small subgroup of children develop respiratory failure, necessitating mechanical ventilation at the pediatric intensive care unit (PICU) (4, 7, 12) . Quantitative RSV detection is paramount to study the relation between RSV infection and LRTI severity. Traditionally, quantitative detection of infectious virus has been performed using viral culture, which is labor-intensive and which has a low sensitivity (3, 5) . Currently, real-time PCR assays have become available to measure the RSV RNA load, greatly expanding opportunities for respiratory viral load research (8, 10, 11) .
Quantitative RSV detection is complicated by several issues. First, mucus secretions from the airways are nonhomogeneous, and intrasample variability may pose a problem. Second, the amount and composition of airway secretions over time are variable, which may lead to intraday variability in the RSV concentration. Third, the lower respiratory tract is not easily accessible for sampling. Therefore, the RSV load is usually detected in nasopharyngeal aspirate (NPA) specimens as a surrogate measure for the RSV load in the lower airways. However, it is unclear whether the RSV load in the upper airways reflects the RSV load in the lower respiratory tract (2) . The aim of our study was to evaluate variations in RSV RNA loads during different steps of quantitative real-time PCR detection of RSV RNA in NPA samples by evaluating (i) variation in the loads within respiratory samples (intrasample variation), (ii) variation in the loads in samples from patients who were sampled twice on the same day (intraday variation), and (iii) variation in the loads in samples taken simultaneously from different sites (upper and lower airways).
MATERIALS AND METHODS
Patients. The prospective study described here included mechanically ventilated infants with RSV LRTIs at the PICU of the Wilhelmina Children's Hospital from November 2007 through February 2009. Wilhelmina Children's Hospital is a tertiary-care university hospital with a 16-bed PICU facility and serves as a referral center for the central part of the Netherlands. NPA and tracheal aspirate (TA) samples were taken simultaneously after admission to the PICU. Since the viral load is believed to decline over time, follow-up samples were taken 3 times a week to obtain clinical samples with a broad range of viral loads (13, 14) . When paired sampling of NPA and TA specimens was not possible due to insufficient mucus available at either the nasopharynx or the trachea, a second attempt to obtain the missing sample was made shortly after the first attempt (usually within 2 h and never more than 5 h later). Intraday variation in the load was assessed by taking two samples on the same day (between 8 a.m. and 4 p.m.). Routinely, the first samples were collected at 8.00 a.m., unless no mucus could be collected at that time. The second sample was collected 2 to 4 h later, whenever enough mucus was available. The parents or guardians of all patients provided written informed consent. The local ethics committee approved the study protocol.
Specimens. Respiratory secretions were aspirated in a standardized manner directly from the nasopharynx (NPA samples) and trachea (TA samples) in a sterile fashion by dedicated hospital staff and were not diluted. Samples (50 l minimum) were immediately transported to the laboratory. Due to the difficulties met when highly viscous samples are handled, we developed a method to quantify the amount of input material as adequately as possibly. First, we suspended the collected sample in 500 l Dulbecco's modified Eagle's medium (DMEM) with 100 g/ml of a broad-spectrum three-antibiotic combination, penicillin, streptomycin, and amphotericin B (Normocin). The resuspended sample was then transferred to an Eppendorf tube of known weight. Finally, we weighed the tube plus its contents and subtracted the weight of the tube, as well as 0.5 g (DMEM); the result is the weight of the initial sample. The actual dilution of each sample was calculated using sample weight, for later correction of real-time PCR and viral culture results (see below). Samples were processed directly for viral culture and were subsequently stored at Ϫ80°C for real-time PCR testing.
Quantitative real-time PCR. (i) Nucleic acid preparation. RNA extraction was performed with samples pretreated with sputolysin (Calbiochem, San Diego, CA) by using a MagnaPure LC total nucleic acid kit (Roche Diagnostics, Mannheim, Germany). Briefly, 250 l sputolysin (1:10 dilution in high-pressure liquid chromatography-grade water [J. T. Baker, Phillipsburg, NJ]) was added to 250 l sample, and the mixture was homogenized by vortexing for 30 s. The homogenate was incubated for 15 min at room temperature and centrifuged at 214 ϫ g for 5 min. Two-hundred microliters of the supernatant was mixed with lysis buffer and proteinase K, and the mixture was subsequently incubated with magnetic particles to allow binding of the nucleic acid. Unbound material was removed by several washing steps. The RNA was then eluted in 100 l of elution buffer and used directly for cDNA synthesis and real-time TaqMan PCR. The isolated viral RNA was reverse transcribed using a MultiScribe reverse transcriptase (RT) kit and random hexamers (Applied Biosystems, Foster City, CA), according to the manufacturer's guidelines, followed by RT inactivation for 5 min at 95°C. Each 100-l reaction mixture contained 40 l of eluted RNA, 10 l of 10ϫ RT buffer (Applied Biosystems, Foster City, CA), 5.5 mmol/liter MgCl 2 , 500 mol/liter of each deoxynucleoside triphosphate, 2.5 mol/liter random hexamer, 0.4 U of RNase inhibitor per l, and 1.25 U of Multiscribe reverse transcriptase per l (all from Applied Biosystems). Murine encephalomyocarditis (EMC) virus (an RNA virus) was used as an internal control; a standardized amount of this virus was added to the initial patient sample before nucleic acid preparation was started.
(ii) Real-time PCR. Primers and probes for both RSV type A (RSV-A) and RSV-B were selected using primer express software (PE Applied Biosystems, Foster City, CA) and were based on highly conserved genomic regions of the N gene (11) . To cover subgroups, primers and probes specific for RSV types A and B were chosen. The following forward and reverse primers were used: primers RSV A-forward (5Ј-AGATCAACTTCTGTCATCCAGCAA), RSV A-reverse (5Ј-TTCTGCACATCATAATTAGGAGTATCAAT), RSV B-forward (5Ј-AAG ATGCAAATCATAAATTCACAGGA), and RSV B-reverse (5Ј TGATATCC AGCATCTTTAAGTATCTTTATAGTG) and RSV-A probe 5Ј-CACCATCCA ACGGAGCACAGGAGAT and RSV-B probe: 5Ј-TTCCCTTCCTAACCTGG ACATAGCATATAACATACCT.
Primers and probes were tested for possible interactions to make sure that they could be used together in a multiplex assay. After optimization of the primer and probe concentrations, samples were assayed in duplicate in a 50-l reaction mixture containing 20 l of cDNA, 25 l of 2ϫ TaqMan universal PCR master mix (PE Applied Biosystems, Foster City, CA), 900 nM concentrations of forward and reverse primers for RSV-A, 300 nM concentrations of forward and reverse primers for RSV-B, 60 nM probe RSV-A, and 68 nM probe RSV-B. Both fluorogenic probes were labeled with the 5Ј reporter dye 6-carboxyfluorescein (FAM) and the 3Ј quencher dye 6-carboxytetramethylrhodamine (TAMRA). Amplification and detection were performed with an ABI Prism 7900 sequence detection system under the following conditions: 2 min at 50°C to attain optimal AmpErase uracil-N-glycosylase activity, 10 min at 95°C to activate the AmpliTaq Gold DNA polymerase, and 45 cycles of 15 s at 95°C and 1 min at 60°C. Samples were controlled for the presence of possible inhibitors of the amplification reaction by use of the indicated internal control (EMC virus), the signals of which had to range within previously determined and validated boundaries of acceptance. Real-time PCR results were expressed in cycle threshold (C T ) values. For positive samples, adjusted C T values were calculated through correction of C T values for the initial dilution of the samples, and the adjusted C T values were converted to the number of particles/ml using standardization curves generated with stocks counted by electron microscopy. A C T value of 20 corresponded to 2.9 ϫ 10 9 particles/ml, and a C T value of 30 equaled 6.9 ϫ 10 6 particles/ml. For negative samples, a value of 0.5 times the detection limit was used (390 particles/ml; detection limit, 780 particles/ml). Intrasample variation was assessed by dividing material from nine NPA samples and nine TA samples into three aliquots. Each aliquot was separately subjected to sputolysin treatment, RNA isolation, cDNA synthesis, and amplification. Quantitative viral culture. Fresh NPA samples were immediately inoculated onto 96-well tissue culture plates to determine the viral titer. For each sample, seven dilution series consisting of 12 5-fold dilutions (30 l) were added to HEp-2 cell monolayers (70% confluence) in 120 l DMEM supplemented with 5% fetal calf serum (FCS). RSV quantitative standards were run in parallel with each assay. The RSV quantitative standards were from the supernatant of RSV-B grown in HEp-2 cells and frozen at Ϫ80°C in 50% FCS. Analyses of cytopathologic effects were performed by a technician highly skilled in the art over a 10-day period. The viral titer was calculated as the 50% tissue culture infective dose (TCID 50 ) per ml using the Spearman-Kärber method (6) .
Statistical analysis. Median values are reported with interquartile ranges (IQRs). Mean values are reported with 95% confidence intervals (CIs). Scatter plots and Bland-Altman plots (1) with 95% limits of agreement (95% of the differences fall between the limits of agreement) were constructed. For the comparison of the nasopharyngeal and tracheal loads, two NPA samples and two TA samples taken on the same day were available in some instances. The C T values for the two NPA samples and the two TA samples were then averaged to obtain no more than one result pair per day.
RESULTS

Patients.
Thirty-two patients with RSV LRTIs were included. The median age was 1.6 months (IQR, 1.4 months). Patients remained ventilated for a median duration of 10 days (IQR, 4.0 days). We identified RSV-A in 27 patients (84%) and RSV-B in 4 patients (13%), and 1 patient tested positive for both RSV-A and RSV-B (3%).
Variation in RNA isolation and PCR process (intrasample variation). Nine NPA samples were divided into three aliquots, and RNA isolation and real-time PCR were performed separately for each aliquot. The difference between the three aliquots of each NPA sample was, on average, 0.22 log 10 particles/ml (range, 0.03 to 0.5 log 10 particles/ml; Fig. 1A) . Similarly, nine TA samples were tested, showing similar results. The maximal difference between the three aliquots of TA samples was, on average, 0.18 log 10 particles/ml (range, 0.07 to 0.3 log 10 particles/ml; Fig. 1B) .
Variation in samples taken on the same day (intraday variation). Twenty patients were sampled twice on the same day during their stay at the PICU on a total of 138 days (77 NPA sample pairs and 61 TA sample pairs). The mean (standard deviation [SD] ) time interval between sample collections was 3.8 h (1.9 h). Both samples in 106 sample pairs were positive, and both samples in 24 pairs were negative. Eight sample pairs consisted of a positive and a negative sample, with the viral loads for the positive sample ranging from 4.7 to 8.0 log 10 particles/ml (median, 5.6 log 10 particles/ml). When the results from all sample pairs were plotted against each other, the variation was large, mainly due to the eight sample pairs with one positive and one negative sample (Fig. 2) . When the double-positive sample pairs with mean viral loads higher than 6.0 log 10 particles/ml were analyzed separately, the agreement of the results between samples taken on the same day was high, with the 95% limits of agreement being Ϫ1.3 and 0.9 log 10 particles/ml (Fig. 3) . The results for the second samples were, on average, 0.16 log 10 particles/ml (95% CI, 0.06 to 0.3 log 10 particles/ml) lower than the results for the first sample, indi-cating that RSV RNA loads dropped slightly between the times of collection of the first and second samples (P ϭ 0.005, paired-samples t test). In general, intraday changes in consistency for multiple samples from individual patients were rare and did not relate to viral load differences.
Upper versus lower airway detection. Thirty-one patients provided a total of 138 simultaneously taken, paired NPA and TA samples ranging in volume from 50 to 500 l. Both samples in 115 sample pairs were positive and both samples in 13 pairs were negative. Ten sample pairs consisted of a positive and a negative sample, with the viral loads of the positive sample ranging from 4.1 to 8.9 log 10 particles/ml (median, 6.9 log 10 particles/ml). In 9 out of the latter 10 sample pairs, the NPA sample was positive and the TA sample was negative. When results from all sample pairs were plotted against each other, the variation was large, especially toward the relatively lower viral load values (Fig. 4) . Notably, the results for sample pairs with viral loads toward the lower values were not distributed symmetrically above and under the line of equality. When all samples were analyzed, NPA samples had a viral load that was, on average, 0.64 log 10 particles/ml (95% CI, 0.42 to 0.86 log 10 particles/ml) higher than the viral load in the TA samples. Subsequently, the difference between the RSV RNA loads in NPA and TA samples was set out against the number of days FIG. 1. Intrasample variation between aliquots of NPA and TA samples. Differences in viral loads between three aliquots of each NPA sample (A) or TA sample (B) were determined by real-time PCR and were found to be, on average, 0.22 log 10 particles/ml (range, 0.03 to 0.5 log 10 particles/ml) and 0.18 log 10 particles/ml (range, 0.07 to 0.3 log 10 particles/ml), respectively.
FIG. 2. Intraday variation between samples taken on the same day.
Differences in viral loads between 138 pairs of samples from 20 patients taken twice daily are shown. The mean time interval between sample collections was 3.8 h (standard deviation, 1.9 h). The diagonal line represents 100% agreement. Squares at the outer limits of the graph represent sample pairs in which only one sample was positive. Both samples in 24 sample pairs were negative; these data are represented by the square at the intercept of the x and y axes, corresponding to a viral load of 2.6 log 10 particles/ml for both samples. Squares at the outer limits of the graph represent sample pairs in which only one sample was positive. Both samples in 13 sample pairs were negative; these data are represented by the square at the intercept of the x and y axes, corresponding to 2.6 log 10 particles/ml (0.5 times the detection limit).
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on June 29, 2017 by guest http://jcm.asm.org/ after admission (Fig. 5) . The difference between NPA and TA samples increased during the course of RSV infection (r ϭ 0.52, P Ͻ 0.001). When only the first sample from each patient was analyzed (n ϭ 31), agreement was better, with the 95% limits of agreement being Ϫ1.5 and 1.4 log 10 (Fig. 6) . The viral loads in these first NPA samples were, on average, equal to those in the TA samples, indicating that in the initial phase of infection the load in NPA samples was not higher than the load in TA samples. Furthermore, we did not observe consequent differences in consistency between TA and NPA samples at any particular stage to account for the differences observed in Fig.  5 . During the course of stay at the PICU, nearly all patients stayed virus positive, especially when NPA samples were assessed (9) . Molecular RNA detection compared to viral culture. During the first winter of the study, we cultured all samples collected. Remarkably, we never succeeded in culturing RSV from samples collected more than 4 days after hospitalization. Therefore, in the second season, samples collected only from days 1 to 4 after hospitalization were cultured. Viral culture had a lower sensitivity than real-time PCR, detecting RSV in only 20 out of 32 (63%) RSV PCR-positive patients included. All samples positive by viral culture were also positive by real-time PCR. Samples with a positive viral culture result had higher viral loads than samples with a negative culture result (P ϭ Ͻ0.001, Mann-Whitney U test; Fig. 7) . The mean viral loads of culture-negative samples and culture-positive samples were 8.1 log 10 particles/ml (95% CI, 7.8 to 8.3 log 10 particles/ml) and 9.7 log 10 particles/ml (95% CI, 9.4 to 10.0 log 10 particles/ml), respectively. We did not observe associations between the culturability of individual samples with any of the recorded clinical parameters (data not shown).
DISCUSSION
The present study aims to evaluate the use of real-time PCR for quantification of the RSV RNA load in respiratory secretions by assessing variations in the loads during the different steps of quantitative detection that may introduce variability in the results. First, we showed that intrasample variation is minimal (maximal variability, 0.5 log 10 particles/ ml). Second, we found that intraday variation in the RSV RNA load was low for samples with high viral loads (95% limits of agreement, Ϫ1.3 to 0.94 log 10 particles/ml for samples with Ͼ6.0 log 10 particles/ml). Third, we showed that nasopharyngeal aspirate loads were comparable to tracheal aspirate loads during the initial phase of infection (95% limits of agreement, Ϫ1.5 to 1.4 log 10 particles/ml for the first samples from each patient). Variability could not be explained by differences in consistency between samples. Furthermore, normalization of viral loads to the level of a housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) did not reduce the observed variability (data not shown). Overall, this study indicates that differences in lower airway RSV RNA load of approximately 1.5 log 10 particles/ml or more can reliably be detected when NPA samples are taken during the initial phase of RSV infection. If testing is done later in the disease course, NPA samples have higher viral loads and may be the more reliable sample type. Two limitations of our study deserve further discussion. First, this was a clinical study performed at a PICU. Although samples were taken by well-trained nursing staff and immediately transported to the laboratory by a dedicated investigator, the possibility of some personal variation in sampling procedures cannot be fully excluded. On the other hand, because of this clinical study design, our results do accurately reflect the reliability of real-time PCR that can be expected when quantification is performed in daily clinical practice. Second, it is not certain that the RSV RNA load is representative of the concentration of infectious virus. This uncertainty is reflected by the fact that only 20 out of 32 RSV PCR-positive patients included had a positive viral culture. The low sensitivity of viral culture is a general problem recognized in previous studies (3, 5) . It is unlikely that our PCR results reflect the presence of viral RNA remains or only noninfectious colonizing viral particles, since patients were repeatedly sampled during the course of infection and the RSV RNA load was found to be consistently high over several days and for up to 2 weeks (9). Viral RNA would have definitely been degraded due to the presence of highly active RNAses in the mucus, and both infectious and noninfectious viruses would have been secreted along with the mucus. Thus, the low sensitivity of culture underscores the need for adequate evaluation of real-time PCR as a means of quantitative detection.
Our data regarding the agreement between nasopharyngeal and tracheal aspirate viral loads in the initial phase of infection confirm the results of Wright and colleagues (15) , who used plaque assays to assess viral load, and Perkins et al. (10) , who used real-time PCR but smaller sets of samples. These authors reported an even better agreement between the results for NPA and TA samples, which is likely explained by the fact that they evaluated only samples from patients with positive viral cultures, most likely representing patients with higher viral loads. Our observation that NPA samples show a higher RSV load than TA samples in later phases of infection needs to be more deeply evaluated by future studies addressing the pathophysiological mechanisms by which this difference may be caused, e.g., improved viral clearance in the lower respiratory tract. Finally, in a parallel study, we could not find correlations between the initial viral load or length of viral shedding and disease severity (9) .
Overall, we suggest that mucus samples can be tested reliably with real-time PCR to quantify the RSV RNA load and to identify differences in loads on the order of magnitude of 1.5 log 10 particles/ml or more. This order of magnitude correlates to what is expected to be clinically relevant in respiratory infections, since inoculation of patients with RSV leads to exponential growth of viruses, with loads rising from about 10 to 1,000 TCID 50 s (Ϸ2-log 10 rise) in a matter of hours (2) . Similarly, small differences (up to 1.5 log 10 particles/ml) are probably irrelevant, and real-time PCR is not a useful tool to detect differences in this order of magnitude due to (i) intrasample variation (maximum, 0.5 log 10 particles/ml), (ii) intraday variation (maximum, 1.3 log 10 particles/ml), and (iii) NPA sample/TA sample variation (maximum, 1.5 log 10 particles/ml). Furthermore, caution should be taken in the interpretation of results for samples with low viral loads, since RT-PCR of samples with low copy numbers is generally considered unreliable. In these samples, amplification becomes a matter of chance, randomly generating a low-positive or a completely negative result. As part of another study, we analyzed the course of the RSV load during infection and found that the RSV load was the highest upon admission (9). Since both intraday variation and NPA sample/TA sample variation are the smallest in samples with high viral loads taken shortly after admission, we recommend that patients be sampled as early in the course of infection as possible to obtain the most reliable measure of the RSV load. In the early stage of infection, NPA samples can be taken reliably to obtain a surrogate measure of the RSV load in the lower airways, which are generally not easily accessible for sampling.
In conclusion, quantitative real-time PCR detection of RSV RNA in undiluted mucus is a reliable method to quantify viral loads in patients with LRTIs. Nasopharyngeal aspirate samples in the initial phase of infection can be used accurately to predict RSV RNA loads in the lower airways.
